High surface ozone concentration is increasingly being recognized as a factor that negatively affects crop yields in Asia. However, little progress has been made in developing ozone-tolerant genotypes of rice-Asia's major staple crop. This study aimed to identify possible tolerance mechanisms by characterizing two quantitative trait loci (QTLs) that were previously shown to influence visible leaf symptoms under ozone exposure (120 nl l
Introduction
Global change has numerous effects on both managed and unmanaged ecosystems. As a consequence, agricultural production will be confronted with an increasing range of stresses, which may put global food security at unprecedented risk (Long et al., 2005; Schmidhuber and Tubiello, 2007; Battisti and Nalylor, 2009) . Among the stress factors associated with global change is surface ozone pollution, which is expected to have significant effects in parts of South and Southeast Asia (The Royal Society, 2008) . This is due to the combination of rising emission of precursor gases such as nitrous oxides and volatile organic compounds, which are converted to ozone in photochemical reactions, and rising temperatures that facilitate these processes (The Royal Society, 2008) . Surface ozone concentrations >60 nl l À1 have been shown to affect the yields of crops negatively (Fiscus et al., 2005) . Rice (Oryza sativa L.) is considered a moderately ozone-sensitive crop species, and significant reductions in rice yields due to elevated ozone by ;15-20% have been reported (Ainsworth, 2008; Pang et al., 2009; Shi et al., 2009) . Since ozone levels are projected to rise in many highly populated Asian countries that rely heavily on rice production (The Royal Society, 2008) , substantial implications for food security can be expected.
Ozone affects plant function and growth by causing oxidative stress and damaging the photosynthetic apparatus. When ozone enters the plant leaf through the stomata, it is quickly degraded to reactive oxygen species (ROS) such as the superoxide anion (OÁ 2 -) and hydrogen peroxide (H 2 O 2 ) in the apoplast (Rao and Davis, 2001; Baier et al., 2005) . As a consequence, visible ozone damage of leaves can occur due to (i) direct necrotic tissue damage caused by ROS or (ii) ROS-induced programmed cell death (PCD) (Kangasjärvi et al., 2005) . Ozone tolerance has therefore been linked with the ability of plants to detoxify ROS efficiently. Plants possess a wide range of ROS detoxification mechanisms. These include low molecular weight antioxidants such as ascorbic acid (AsA), glutathione, tocopherol, carotenoids, flavonoids, and phenolics that can detoxify ROS directly. Alternatively, ROS can be detoxified through scavenging enzymes such as superoxide dismutase (SOD), catalase, or peroxidases (Blokhina et al., 2003) . The ascorbate-glutathione cycle involves several enzymes that use AsA and glutathione as reducing substrates for ROS detoxification and then restore their reduced forms . Some of these antioxidants have been associated with ozone tolerance in plants. The level of AsA and its redox state has been characterized as being crucial for efficient ozone detoxification (Conklin and Barth, 2004) . Also, high activity of some antioxidant enzymes has been shown to protect plant leaves from ozone damage, including monodehydroasorbate reductase (MDHAR) (Eltayeb et al., 2007) and SOD (van Camp et al., 1994) .
Although some information is thus available on ozone tolerance factors, surprisingly little progress has been made in developing varieties of major agricultural crops with enhanced ozone tolerance. This is of particular concern because, unlike many other stress factors that can be mitigated through management practices (e.g. soil-related stresses such as nutrient deficiency), air pollution cannot be controlled by crop producers. Based on this reasoning, naturally occurring genetic variation in ozone tolerance had previously been dissected into distinct quantitative trait loci (QTL) that influenced tolerance of rice plants to ozone exposure at 120 nl l À1 (Frei et al., 2008) . Two QTLs influenced visible leaf injury (leaf bronzing) in a contrasting manner: OzT3 significantly increased leaf bronzing, whereas OzT9 reduced leaf bronzing. The objective of this study was to characterize the physiological and genetic factors underlying these two QTLs through gene expression profiling and biochemical analyses of antioxidants. Experiments were carried out with two chromosome segment substitution lines (SLs) that were genetically >90% identical to the ozoneintolerant parent 'Nipponbare' but that carried introgressions from the tolerant donor variety 'Kasalath' at the respective QTL positions. Gene expression data were obtained by microarray hybridization and analysed by addressing three main hypotheses as to what causes genotypic differences in leaf bronzing: (i) processes leading to PCD; (ii) biosynthesis of low molecular weight antioxidants; and (iii) enzymatic ROS scavenging and turnover of antioxidants.
Materials and methods

Experiments
Seeds were germinated and placed on netted Styrofoam sheets floating on 0.5 mM CaCl 2 . One week after germination, seedlings were transferred to 75.0 l hydroponics tanks containing halfstrength nutrient solution. After 2 weeks, nutrient solutions were exchanged for full-strength solutions as previously described (Frei et al., 2008) . The pH of nutrient solutions was adjusted to 5.5 every other day. Ozone fumigation was initiated 2-3 d after the transfer of seedlings to full-strength nutrient solution using an open top ozone fumigation system described previously (Frei et al., 2008) . In brief, four replicate hydroponic tanks containing plants were placed within a 1.533 m open top chamber and exposed to ozone from 9:00 h to 16:00 h every day. Ozone was generated using an OES-10A ozone generator coupled with a Model 1150 ozone monitor (Dylec Inc., Osaka, Japan). In addition to the Model 1150 ozone monitor, ozone concentrations were independently recorded by a second ozone monitor (Series 500, Aeroqual Limited, Auckland, New Zealand) placed within the canopy. Control plants were cultured in separate greenhouse compartments with equivalent environmental conditions. Ozone concentrations in the control were monitored periodically and did not exceed 20 nl l
À1
. Individual plants from each experiment served as biological replicates and different experiments were replicated over time. The specific conditions in the three experiments included in this study were as follows.
Experiment 1
This was carried out during the month of June with natural light, relative humidity ranging from 50 to 60%, and minimum/ maximum temperature set at 25/30°C, respectively. Plants were fumigated for 13 d at a target ozone concentration of 120 nl l À1 . Shoot samples were taken after 2 d and 13 d of ozone fumigation. They were flash-frozen in liquid nitrogen and stored at -80°C for RNA extraction and biochemical analyses. Samples taken on day 13 were used for microarray analysis.
Experiment 2
This experiment was carried out in the month of March with natural light, relative humidity ranging from 40 to 50%, and minimum/maximum temperature set at 25/30°C, respectively. Plants were fumigated for 21 d at a target ozone concentration of 100 nl l À1 . Plants were scored for leaf bronzing, and shoot samples were flash-frozen in liquid nitrogen and stored at -80°C for RNA extraction.
Experiment 3
This was carried out in the month of June in a glasshouse with natural light and ambient humidity/temperature. Plants were exposed to a target ozone concentration of 120 nl l À1 for a period of 10 d. Fresh leaf samples for apoplast analyses were taken on days 8 and 9 and processed immediately. Further samples were taken on day 10, flash-frozen in liquid nitrogen, and stored at -80°C for enzyme analyses.
At the end of each experiment, a leaf bronzing score was assigned to the four topmost fully expanded leaves of each plant according to Wissuwa et al. (2006) , ranging between 0 (unaffected leaf) and 9 (dead leaf).
Plant material
Experiments were carried out with the genotype Nipponbare (O. sativa L. ssp. japonica) and two Nipponbare-derived chromosome SLs that carried introgressions from the aus-type landrace Kasalath at the positions of the ozone tolerance QTLs OzT3 (SL15) and OzT9 (SL41). The chromosomal regions covered by the introgression were determined by the physical position of the restriction fragment lenght polymorphism (RFLP) markers used in the genotyping of SLs according to the ORYGENES database (http://orygenesdb.cirad.fr/). Kasalath inserts were detected on chromosome 3 between 24 Mb and 37 Mb in SL15 and on chromosome 9 between 0 Mb and 13 Mb for SL41. Compared with the recurrent parent Nipponbare, SL15 had previously shown increased leaf bronzing while SL41 showed reduced leaf bronzing (Frei et al., 2008) .
Photosynthetic measurements
Measurements of net photosynthesis (A) and stomatal conductance (g s ) were carried out in experiment 1 on days 2, 10, and 13 after the start of ozone fumigation using a LICOR-6400 photosynthesis system (LI-6400, LI-COR, Lincoln, NE, USA). All measurement days were cloudless days with an ambient PAR between 700 lmol m À2 s À1 and 900 lmol m À2 s À1 at the level of the canopy within the chambers. Chamber conditions were: flow rate 500 lmol s
À1
, block temperature 30°C, reference CO 2 400 ll l
, and light intensity according to the value determined for the day.
Biochemical analyses
Total and reduced AsA were determined according to Badrakhan et al. (2004) . Leaves were crushed in liquid nitrogen, and 1.5 ml of 6% metaphosphoric acid containing 1 mM EDTA was added to ;30 mg of fresh leaf material. Samples were then immersed in an ultrasonic water bath for 20 min, centrifuged for 5 min at 10 000 g, and filtered through Millex-GV filters (Millipore Corporation, Bedford, MA, USA). After adjusting the pH to between 5 and 6, samples were divided into three subsamples for determination of total AsA, dehydroascorbic acid (DHA), and background absorption of pigments contained in the extract. A 10 ll aliquot of enzyme solution containing 0.77 U of ascorbate oxidase (AO; EC 1.10.3.3, Sigma-Aldrich, St Louis, MO, USA) in KH 2 PO 4 /K 2 HPO 4 buffer (pH 6.0) was added for determination of AsA, and samples were incubated for 5 min at room temperature. Subsequently, 30 ll of 15.4 mM desferrioxamine mesylate and 200 ll of methanol were added to the subsamples for total AsA and DHA, whereas distilled H 2 O was added to the background reference. Subsequently, 400 ll of phosphate citrate buffer (pH 7.75) was added to all samples. After 30 min incubation at room temperature, absorbance was measured at 346 nm. Absorption of the background reference was deducted from each sample absorption value. The concentration of reduced AsA was determined as the difference between total AsA and DHA. It should be noted that AsA redox values obtained with this method may differ slightly from those obtained with other commonly used assays in plant science. In particular DHA values might be higher due to direct measurement of DHA.
Total glutathione was determined according to Griffith (1980) . Leaves were crushed in liquid nitrogen and glutathione was extracted from ;100 mg of sample material using 1.5 ml of 4% sulphosalicylic acid and 5% insoluble polyvinylpolypyrrolidone (PVPP). Samples were centrifuged for 10 min at 10 000 rpm and 4°C, and the supernatant was neutralized by adding 1 M KH 2 PO 4 /K 2 HPO 4. The reaction mix (100 ll) contained 0.6 mM 5,5-dithiobs-(2-nitrobenzoic acid) (DTNB), 0.2 mM NADPH, and 20 ll of the extract. The reaction was started by adding 0.125 U of glutathione reductase (GR) and followed at 412 nm for 3 min. Oxidized glutathione (GSSG) was determined by irreversible derivatization of reduced glutathione (GSH) with 2-vinylpyridine prior to the DTNB reaction.
Leaf material for enzyme assays was flash-frozen in liquid nitrogen and stored at -80°C until analysis. Except for ascorbate peroxidase (APX), enzymes were assayed using a Safire2 microplate reader (TECAN, Männerdorf, Switzerland). The APX assay was performed using a UV-1600 cuvette spectrophotometer (Shimadzu, Kyoto, Japan). All assays were run with four experimental and two analytical replicates.
Activities of APX, MDHAR, and GR were determined using the same plant extract. Around 100 mg of plant material were immersed in 1.5 ml of 50 mM KH 2 PO 4 /K 2 HPO 4 containing 1 mM AsA and 1 mM EDTA, vortexed, and centrifuged for 30 min at 10 000 rpm and 4°C.
APX activity was determined according to Nakano and Asada (1981) by monitoring the oxidation of AsA at 290 nM (e¼2.8 mM À1 cm À1 ) for 30 s. The reaction mix (1 ml) contained 100 mM KH 2 PO 4 /K 2 HPO 4 (pH 6.8), 0.6 mM AsA, 10 ll of 0.03% H 2 O 2 , and 100 ll of enzyme extract.
MDHAR activity was determined according to by monitoring the oxidation of NADH at 340 nm for 3 min (e¼6.2 mM À1 cm
À1
). The reaction mix (100 ll) contained 50 mM TRIS-HCl buffer (pH 7.6), 0.1 mM NADH, 2.5 mM AsA, 0.1 U of AO and 10 ll of the enzyme extract.
GR activity was determined according to Foyer and Halliwell (1976) by monitoring the oxidation of NADPH at 340 nm for 3 min (e¼6.2 mM À1 cm
). The reaction mix (100 ll) contained 50 mM KH 2 PO 4 /K 2 HPO 4 (pH 7.8), 0.12 mM NADPH, 0.5 mM GSSG, and 10 ll of the enzyme extract.
Dehydroascorbate reductase (DHAR) activity was determined according to . Fresh leaf material was crushed in liquid nitrogen and around 100 mg of sample material was immersed in 1.5 ml of 50 mM TRIS-HCl buffer containing 100 mM NaCl, 2 mM EDTA, and 1 mM MgCl 2 . Samples were then centrifuged at 13 000 g and 4°C for 5 min. The reaction mix (100 ll) contained 50 mM KH 2 PO 4 /K 2 HPO 4 (pH 6.5), 0.5 mM DHA, 5 mM GSH, and 10 ll of the enzyme extract. The increase in absorption at 265 nm was followed for 3 min (e¼14 mM
). AO activity was determined in apoplast extracts according to Pignocchi et al. (2003) . The reaction mixture (100 ll) contained 100 mM KH 2 PO 4 /K 2 HPO 4 (pH 5.6), 1 mM EDTA, 150 lM AsA, and 10 ll of the enzyme extract. Decrease in absorbance due to AsA oxidation was followed for 3 min at 265 nm (e¼14 mM
). Intercellular washing fluid (IWF) was isolated from the second and third youngest fully expanded leaf of each replicate plant (;200 mg) via a modified protocol of Hayashi et al. (2008) . Extraction buffers were 10 mM citrate buffer (pH 3.0), containing 0.2 mM EDTA for apoplastic AsA, and 50 mM KH 2 PO 4 /K 2 HPO 4 (pH 7.4), containing 0.2 mM EDTA for AO. Fresh leaves were rinsed with deionized H 2 O and weighed. They were inserted into a 60 ml three-way stopcock syringe (DIK-8392-12, DAIKI, Saitama, Japan) and immersed in 40 ml of chilled extraction buffer. A vacuum (;0.07 MPa) was created by pulling the stopper for 40 s, followed by pressurization (;0.3 MPa) for 20 s. This cycle was repeated at least five times until the leaf colour turned blackish. Leaves were then blotted dry, weighed again, and inserted into a perforated 1 ml pipette tip. This was inserted into a pre-weighed 1.5 ml centrifuge tube and centrifuged for 5 min at 4°C and 5000 rpm. Tubes used for AsA analyses contained 50 ll of 6% metaphosphoric acid. Samples were analysed for total AsA and AO as described above, with volumes adjusted to a microplate reader. Pre-experiments were carried out with known amounts of added AsA to ensure that AsA would not be degraded during the extraction process; recovery was ;90%. All extracts were analysed for glucose-6-phosphate to detect possible contamination with symplastic components (Lowry and Passonneau, 1972) . In brief, the reaction mixture (100 ll) contained 50 mM TRIS-HCl buffer (pH 8.1), 500 lM NADP + , and 10 ll of the extract. Absorbance was measured at 340 nm before and after the addition of 0.05 U of glucose-6-phosphate dehydrogenase (baker's yeast). In all extracts, the glucose-6-phosphate concentration was below the detection limit (15 lM).
RNA extraction
Freshly harvested leaves were flash-frozen in liquid nitrogen and ground using a multitube bead shocker (Yasuikikai Corp., Osaka, Japan). RNA was extracted using an RNeasy Plant Mini Kit, and genomic DNA was removed through on-column digestion with an RNase-free DNase set (QIAGEN K.K., Tokyo, Japan) as described by Pariasca-Tanaka et al. (2009) . RNA yield was determined using a Nanodrop spectrometer (Thermo Scientific, Wilmington, DE, USA), and integrity was tested using a 2100 bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Table S1 available at JXB online) were designed based on sequences of the Rice Annotation Project (RAP; http://rapdb.dna.affrc.go.jp/) using Primer 3 (http://frodo .wi.mit.edu/; Rozen and Skaletsky, 2000) . All primers were searched against the rice genome sequences using BLAST analysis to ensure that multiple regions would not be amplified. Around 300 ng of total RNA was reverse-transcribed using Random 6 monomers and ExScript RTase of the PrimeScript RT reagent kit (Takara, Japan). Thermal conditions were: 37°C for 15 min and 85°C for 5 s. Subsequently, the first-strand cDNA was used as the template for PCR. Each primer was checked by PCR (30 ng of template, 40 PCR cycles, and thermal conditions as below) followed by electrophoresis on a 1% agarose gel, and primers were used if they produced single bands at the appropriate fragment size. Quantitative PCR (qPCR) was performed with 10 ng of reverse-transcribed template and SYBR Premix ExTaq (Perfect Real Time, Takara, Japan), using the Mini Opticon Real time PCR system (BioRad, Hercules, CA, USA). Thermal conditions were as follows: 94°C for 10 s as the first denaturing step, followed by 94°C for 5 s, 55-60°C for 10 s, and 72°C for 15 s, for 40 cycles, followed by a gradual increase in temperature from 55°C to 96°C during the dissociation stage (to reconfirm the specificity of each primer). The relative expression of each sample was quantified employing the comparative C T method, using 18S rRNA as endogenous reference (Kim et al., 2003) and the average expression level of Nipponbare in the control treatment as calibrator. The relative efficiency of endogenous reference and target amplification was compared by serial dilutions of reversetranscribed product (10, 7.5, 5, 2.5, and 0 ng input amount) along with each qPCR run.
Reverse transcription and quantitative PCR Primers (Supplementary
Microarray slide hybridization
The differential gene expression in each treatment and genotype was analysed by the Rice Oligo Microarray G2519F, 4344 (Agilent Technologies) which uses 60-mer oligonucleotides deduced from available cDNA clones of the rice cultivar Nipponbare (Rice Annotation Project Database). Labelled cRNA was synthesized from 400 ng of total RNA with Cyanine-3-CTP (Cy3) and Cyanine-5-CTP (Cy5) using a Low RNA Input Linear Amplification kit (Agilent Technologies). Hybridization solution (110 ll) containing the Cy3-and Cy5-labelled cRNA samples (825 ng each) was prepared using the in situ Hybridization Kit Plus (Agilent Technologies). Labelled cRNA samples (100 ll each, three replicates per RNA set) were then hybridized to the array slide by incubating at 60°C for 17 h. Subsequently, the slide was washed twice (63 SSC+0.005% Triton X-102) for 1 min at room temperature, and then 0.13 SSC+0.005% Triton X-102 for 1 min at 37°C, and carefully dried with nitrogen gas. The image file of the fluorescent signal on the slide was produced with a DNA microarray scanner (Agilent Technologies). Signal intensities and the significance of the difference between the two signal intensities (Pvalue of differential gene expression) were measured using the Feature Extraction software (version 8.1, Agilent Technologies).
Data processing
Fluorescence values of Cy3/Cy5 were subjected to intensity-based analysis as proposed by Hoen et al. (2004) . Raw fluorescence intensity values were transformed towards normal distribution by log base 2 transformation prior to statistical analysis. Data were then subjected to mixed model analysis using PROC MIXED in SAS 9.1 (SAS Institute Inc., Cary, NC, USA) (Gibson and Wolfinger, 2004) . The model included treatment, genotype, dye, and treatment3genotype interaction as fixed effects, and microarray slide as random effect. Since the main objective of this experiment was to detect differences in gene expression due to the presence of one of the QTLs, contrasts were estimated for each substitution line against the other two genotypes, where the respective QTL was not present, using the SAS ESTIMATE statement. False significances declared due to multiple testing were corrected by the Benjamini and Hochberg false discovery rate method using the SAS MULTTEST procedure. Genes were declared as differentially regulated if the P-value was <0.05, but genes with raw intensity values <100 in all experimental conditions were not considered significant. Each probe was annotated according to both the RAP rice annotation database (http:// rapdb.dna.affrc.go.jp/cgi-bin/gbrowse/IRGSP30/) and the TIGR annotation database (http://rice.plantbiology.msu.edu/cgi-bin/ gbrowse/rice/). Gene lists for hypothesis testing were hand-edited by text search against both annotations. Loci involved in pathways of antioxidant biosynthesis were obtained from the KEGG pathway database (http://www.genome.jp/kegg/pathway.html). In addition, biosynthetic pathways that were incompletely annotated in rice were completed with rice orthologues of known Arabidopsis thaliana genes that produced significant similarity by BLASTN search at P <4.0 e À52 (Altschul et al., 1990) .
Results
Phenotypic evaluation
After 13 d of ozone treatment at 120 nl l À1 , plants exhibited visible symptoms of ozone damage. In agreement with the expected QTL effects, SL15 had the strongest visible symptoms, Nipponbare was intermediate, and SL41 had significantly fewer symptoms (Fig. 1) . Photosynthesis was negatively affected in all genotypes, as seen in a significant drop in net CO 2 assimilation and stomatal conductance (Fig.1) . However, no significant genotypic differences in photosynthetic performance were observed.
Global gene expression analysis and PCR confirmation
Of the 42 475 probes on the microarray slide, 18 342 were significantly affected by ozone treatment at P <0.05 (however, this number includes probes with raw intensity values of <100 that were not considered in subsequent analyses). Among those probes significantly affected by ozone, 9084 (49.5%) probes were down-regulated and 9258 (50.5%) were up-regulated.
Because the aim of this experiment was not to analyse simple ozone treatment effects on gene expression but rather to detect genotypic differences and possible tolerance factors, further analysis of gene expression focused on genotype effects. Significant genotypic contrasts occurred for 470 probes in SL15 and for 314 probes in SL41 (Fig. 2) . The number of up-regulated and down-regulated probes was approximately equal in SL15, whereas in SL41 the number of down-regulated probes was more than double that of up-regulated probes. Probes located within the introgression of SLs were over-represented among the significantly regulated probes. The proportion of significant probes located within the introgression was 22% for upregulated probes and 63% for down-regulated probes in SL15, and 23% for up-regulated probes and 34% for downregulated probes in SL41.
Gene expression data from the microarray experiment were confirmed in a subset of 16 genes (Supplementary  Table S1 at JXB online) using qPCR. This subset included genes that showed significant genotype and/or treatment effects and represented a broad range of fluorescence intensity ranging from <200 up to >90 000. Microarray and qPCR data were in very good agreement (R 2 ¼0.93; Fig. 3 ).
Programmed cell death
More than 600 genes were considered as being potentially related to ozone-induced PCD, including genes involved in respiratory burst, metabolism of plant enzymes ethylene, abscisic acid (ABA), jasmonic acid (JA), and salicylic acid (SA), and general pathogen and disease resistance (Supplementary data 2 at JXB online). Among the genes affected by ozone treatment, the majority were up-regulated (Table 1 ). An aminocyclopropane-1-carboxylate oxidase gene (Os01g0536400) involved in ethylene biosynthesis showed a >130-fold increase in expression and was among the most Fig. 2 . Number of probes with significant genotypic contrasts in expression (P <0.05) determined by microarray analysis in Experiment 1; bars on the left represent the number of upregulated probes and bars on the right represent the number of down-regulated probes compared with the other two genotypes. Fig. 1 . Phenotypic data of contrasting rice genotypes as influenced by ozone exposure; data are from Experiment 1, where treated plants were exposed to 120 nl l À1 ozone from 9:00 h to 16:00 h for 13 consecutive days. (A) Leaf bronzing score (LBS) was determined at the end of the experiment and bars indicate mean values and standard errors (n¼4). (B) and (C) Photosynthesis measurements were taken on three cloudless days during the experiment (days 2, 10, and 13) and bars indicate mean values and standard errors of all three days (n¼12); different letters above the data bars indicate statistically significant differences between genotypes at P <0.05 by Tukey's HSD.
highly up-regulated genes in the entire array. Genotypic differences were detected in nine genes. An oxalate oxidase and a mitogen-activated protein (MAP) kinase were more strongly expressed in SL15. Moreover, two hormone-related genes showed genotypic differences, one being an ethyleneinsensitive gene that was more strongly expressed in SL15, and the other being a putative jasmonate O-methyltransferase that had lower expression in SL41. Moreover, several disease resistance genes had reduced or no expression in SL41.
Biosynthesis of antioxidants
Expression patterns of genes involved in the biosynthesis of five groups of antioxidants were investigated further, namely AsA, glutathione, phenolics, tocopherol, and carotenoids (Table 2 ). For two of the antioxidants (AsA and phenolics) genes involved in biosynthetic pathways showed an inconsistent response to ozone treatment, some genes being up-regulated and others being down-regulated. In the case of AsA earlier steps of biosynthesis seemed to be upregulated, whereas later steps were down-regulated. The total AsA level did not show any genotypic differences in the control treatment and dropped under ozone exposure; however, it remained slightly higher in the tolerant genotype SL41 (Fig. 4A ). More notably, genotypic differences were seen in reduced AsA concentration, which dropped sharply in the genotypes SL15 and Nipponbare under ozone exposure, but to a lesser extent in the tolerant genotype SL41 (Fig. 4B ).
In the case of phenolics, a number of genes showed very strong up-regulation due to ozone treatment: nine genes showed a >5 fold change and six of them a >10-fold change. A phenylalanine ammonia-lyase (Os02g0626600) was among the most ozone-responsive genes on the whole array, showing >100-fold up-regulation. Phenolic-related genes that were down-regulated showed a less pronounced response to ozone exposure, and did not exceed a 5-fold change in expression (Supplementary data 3 at JXB online).
Three groups of antioxidants (glutathione, tocopherol, and carotenoids) showed consistent gene expression patterns. All significant genes involved in the biosynthesis of these categories of antioxidants were down-regulated in the ozone treatment. A common feature of these pathways was that down-regulation was only moderate, with <3-fold change in all cases. Although a large number of genes involved in the biosynthesis of antioxidants were affected by ozone, none of the genes was differentially regulated in contrasting genotypes. This suggests that other mechanisms were responsible for the observed genotypic differences in leaf bronzing. [ indicates the number of significantly up-regulated genes and Y the number of significantly down-regulated genes at P <0.05; RAP accession numbers are given for genes that showed significant genotypic contrasts; a complete list of genes used in generating this table and their expression pattern is given in Supplementary data 2 at JXB online. 
Enzymatic ROS detoxification and turnover of antioxidants
Enzymes involved in ROS detoxification and turnover of antioxidants were grouped into 12 categories (Table 3) . Apart from many genes showing significant response to ozone treatment, some genes also showed genotypic differences in expression level.
SODs showed an inconsistent response to ozone; one gene was up-regulated while three others were downregulated. The expression level of all SOD-related genes did not differ significantly between genotypes. In contrast, a catalase gene was significantly up-regulated in the ozone treatment and showed significantly stronger response in the sensitive genotype SL15.
Glutathione S-transferases (GSTs) were abundant and were represented with a total of 86 putative genes, 37 of which were significantly influenced by ozone treatment. Among these, 17 were up-regulated and 19 were downregulated. Some GST genes showed significant genotype effects, one being down-regulated in SL15, and three being down-regulated in SL41.
Further genotypic differences occurred in expression of various peroxidases. Three unspecific peroxidases showed a significant contrast in the intolerant SL15 and shared a common expression pattern: they were significantly induced by ozone treatment and were more strongly expressed in SL15, suggesting that these are stress response genes which are induced under acute stress. Correspondingly, one [ indicates the number of significantly up-regulated genes and Y the number of significantly down-regulated genes at P <0.05; a complete list of genes used in generating this table and their expression pattern is given in Supplementary data 3 at JXB online; rice genes involved in biosynthetic pathways were obtained from the KEGG database (http://www.genome.jp/kegg/pathway.html) and were completed by a BLASTN search of known A. thaliana genes that had significant similarity with rice genes. References for pathways: ascorbic acid: Wheeler et al. (1998) , Dowdle et al. (2007) ; glutathione peroxidase exhibiting a significant genotypic contrast in the tolerant line SL41 was stress induced and had a lower expression level in the tolerant genotype. Substrate-specific peroxidases showed no genotypic differences but only treatment effects, being either down-reguated (thioredoxin peroxidase) or up-regulated (all glutathione peroxidases). The enzymes involved in the ascorbate-glutathione cycle (APX, MDHAR, DHAR, and GR) responded to ozone treatment with both up-regulation and down-regulation. A bi-functional MDHAR (Os04g0412500) that was unaffected by ozone treatment was more strongly expressed in the tolerant line SL41 and could possibly explain the higher level of reduced AsA observed in this genotype.
An AO (Os09g0365900) was among the most strongly ozone-responsive genes on the whole array, showing >50-fold up-regulation in the ozone treatment as compared with the control. It also showed a significant genotypic contrast, with the tolerant genotype SL41 having a significantly lower expression level under ozone compared with Nipponbare and SL15. This expression pattern is particularly interesting, as it could explain the redox status of AsA as affected by ozone treatment and genotype (Fig. 4) . Moreover, the gene is located within the introgression of SL41 at the QTL OzT9. Ascorbate transporters showed no genotypic differences in expression and inconsistent response to ozone treatment.
Testing of hypotheses in independent experiments
The above analyses suggested that a major tolerance mechanism in SL41 was to maintain enhanced AsA status under ozone exposure and thus reduce oxidative damage of plant tissue. The expression pattern of two genes could plausibly explain the observed genotypic differences in reduced AsA concentration (Fig. 4) : either this could be due to enhanced expression of the putative MHDAR Os04g0412500 in SL41, or it could be due to reduced expression of the AO Os09g0365900 in SL41. The expression level of these two genes was tested in independent samples taken after only 2 d of ozone fumigation at 120 nl l À1 , and in a further completely independent experiment, where plants were exposed to a lower ozone concentration (100 nl l À1 ) for a longer period (21 d). Enhanced expression of the putative MDHAR in SL41 was not consistent in independent experiments (data not shown). However, the expression pattern of the putative AO Os09g0365900 was consistent across points in time and independent experiments (Fig. 5) . It was strongly induced after only 2 d of ozone fumigation at 120 nl l À1 , similar to the effects seen after 13 d of fumigation. After 21 d of ozone fumigation at 100 nl l À1 , genotypes had similar differences in leaf bronzing to those seen in previous experiments at 120 nl l À1 (data not shown). Differences in expression of the AO gene between control and ozone treatment were also significant, and SL41 had a lower expression level in the ozone treatment.
Apoplastic ascorbate status and antioxidant enzyme activity were determined in an independent experiment. After 9 d of ozone exposure, treated plants had increased levels of apoplastic ascorbate compared with control plants (Table 4 ). This effect was not due to ozone-induced leakage from the symplast, since extracts contained no measurable amount of glucose-6-phosphate (data not shown). SL41 had a significantly higher level of apoplastic AsA than the other two genotypes. Compared with the previous experiment (Fig. 4 ) AsA was ;10% more reduced across all genotypes in both treatments. Despite this difference between experiments, consistent treatment and genotype effects were observed, with a drop in total AsA and a shift towards a more oxidized state in the ozone treatment, a more oxidized state of AsA in SL15 in both treatments, and a higher concentration of reduced AsA in SL41 within the ozone treatment (obtained by combining total AsA data and redox state data). No significant effects were seen in total glutathione concentration. However, the glutathione redox state shifted towards a more highly reduced state in the ozone treatment and was more reduced in SL41 than in the other genotypes. Enzyme activities were not significantly affected by genotype, except for APX where SL15 had higher activity.
Discussion
Genome-wide transcript profiling employing microarrays has emerged as a powerful tool to evaluate plant responses to environmental factors, including those associated with global change (Leakey et al., 2009) . A number of microarray studies examining the effect of elevated ozone on transcript levels have been reported for the model plant A. thaliana. These used either acute short-term ozone exposure at >200 nl l À1 (Ludwikow et al., 2004; Mahalingam et al., 2006; Tosti et al., 2006; Cho et al., 2008) or chronic longterm exposure at lower concentration (Miyazaki et al., 2004; Li et al., 2006) . Similar to the present experiment, a very large number of ozone-responsive genes were detected belonging to diverse functional categories including core metabolism, antioxidant response, or hormone regulation. In contrast to these experiments, the aim of this study was not primarily the detection of ozone-responsive genes; instead, the focus was on the identification of genes potentially associated with tolerance of elevated ozone, through the inclusion of three genotypes that differed substantially in their ozone tolerance, as shown in Frei et al. (2008) and Fig. 1 .
Various ozone tolerance mechanisms in plants have been suggested in the literature. The most straight-forward strategy would be to exclude ozone from entering the leaf by closing the stomata (Fiscus et al., 2005) . Stomatal closure was observed in all three genotypes, but no significant genotypic differences in stomatal conductance and net photosynthesis were seen (Fig. 1C) . It is therefore concluded that ozone avoidance through stomatal closure is not responsible for tolerance of SL41, and the further analysis focused on ozone-induced effects and defence mechanisms within the leaf.
Hypothesis 1: programmed cell death
In identifying genes involved in PCD, the concept laid out in Kangasjärvi et al. (2005) was followed. According to this concept, ozone uptake leads to an oxidative burst that produces ROS, mediated by G-proteins, NADPH oxidases, oxalate oxidases, or peroxidases. This is accompanied or followed by activation of MAP kinase-mediated signalling cascades. Subsequent lesion propagation and containment is regulated by the plant hormones ethylene, SA, JA, and ABA. Moreover, the signalling pathways induced by ozone are known to trigger pathogen defence reactions (Sharma et al., 1996) . A large number of genes involved in these processes were responsive to ozone in the present study. As would be expected, the general trend was that of upregulation rather than down-regulation (Table 1 ). An exception was the category of respiratory burst oxidases. This may be due to the fact that, as outlined by Kangasjärvi et al. (2005) , they become activated during the initial ozone 'shock'. The samples used in the present study, however, were taken after 13 d of exposure when plants were already acclimated to high ozone conditions. The genes that showed genotypic contrast in the intolerant genotype SL15 all had higher expression levels. This was probably a consequence of a higher level of stress in this genotype and is consistent with enhanced formation of stress symptoms. SL41 showed genotypic contrasts in a number of disease resistance-related genes. However, these were located within the introgression and had extremely low fluorescence signals in this genotype, suggesting that they might represent probe mismatches instead of a potential tolerance mechanism. In conclusion, although some genotypic effects were seen in genes involved in PCD, no compelling evidence for the involvement of a specific tolerance gene associated with PCD was identified.
Hypothesis 2: biosynthesis of antioxidants
It is well established that the AsA concentration of plant tissue correlates with ozone tolerance (Conklin and Barth, 2004). However, total AsA concentration did not differ constitutively in the genotypes used in this study (Fig. 4 , Frei et al., 2008) , and genes involved in AsA biosynthesis showed no genotypic contrasts. Genotypic differences in total and reduced AsA concentration that occurred repeatedly when plants encountered ozone stress (Frei et al., 2008, Fig. 4 , Table 4 ) would thus be attributed to AsA turnover rather that biosynthesis and will be discussed in the subsequent section. Although AsA has been suggested as the major antioxidant in ozone defence, other antioxidant compounds have been shown to be influenced by ozone exposure and could be related to ozone tolerance. However, although many of the genes involved in antioxidant biosynthesis were affected by ozone treatment, no significant genotypic effects were seen. This is largely in agreement with literature reports. stated that no correlation could be seen between glutathione level and ozone tolerance in plants, and Burkey et al. (2000) reported a similar lack of correlation for tocopherol concentration. Hypothesis 2 was thus completely rejected.
Hypothesis 3: enzymatic ROS scavenging and turnover of antioxidants
The response of antioxidant enzyme activities to ozone measured by biochemical assays in the present study is in line with results reported by Inada et al. (2008) ; they also found a decrease of DHAR activity and an increase in APX, MDHAR, and GR in rice exposed to ozone. Transcriptional regulation of individual isoforms of enzymes, however, was less clear; with the exception of GR and DHAR, all categories of enzymes contained up-and down-regulated genes. Various genes encoding putative antioxidant enzymes were differentially regulated in contrasting genotypes. A catalase and several peroxidases were strongly up-regulated under ozone stress and more highly expressed in the intolerant genotype SL15, suggesting that they represent a stress response rather than a potential tolerance mechanism. Glutathione transferases might be involved in stress tolerance, but their function can be very diverse, ranging from response to a range of stress factors and pathogens to cellular response to auxin (Marrs, 1996) . It is thus difficult to associate these genes with direct ozone tolerance. A potentially interesting MDHAR with higher expression in SL41 did not show a consistent expression pattern in subsequent analyses and was thus discarded as a potential tolerance gene.
The most plausible tolerance candidate gene identified through transcript analysis encoded a putative AO. It can be considered as a strong candidate for a tolerance gene because it is located within the introgression of SL41 at the QTL OzT9, was highly responsive to ozone exposure, and showed consistent genotypic differences across independent time points and experiments at varying ozone concentrations. Moreover, its putative function might provide an explanation for genotypic differences in whole leaf and apoplastic AsA status. The function of AO in plants is not yet fully understood; however, it is known to be an extracellular enzyme that is active in expanding tissues (Pignocchi et al., 2003) . AO is probably necessary to remove AsA from the apoplast in order to facilitate cell wall expansion. With respect to ozone tolerance, high AO activity would thus be a disadvantage because apoplastic ascorbate is necessary to detoxify ROS formed due to ozone influx. This reasoning was confirmed by Sanmartin et al. (2003) , who showed that overexpression of AO led to a more oxidized AsA pool, which in turn increased ozone sensitivity in tobacco. Moreover, Yamamoto et al. (2005) demonstrated that suppressed expression of an AO gene increased tolerance to salt-induced oxidative stress in tobacco and Arabidopsis plants. Lower expression of AO, as seen in SL41 in the present study, would thus preserve the apoplastic AsA pool and possibly explain the lack of stress symptoms. This was partly confirmed by the biochemical analyses, where SL41 had a higher concentration of total apoplastic AsA in both the ozone treatment and the control. However, it remains to be demonstrated whether statistically significant but relatively small differences in total apolastic AsA (Table 4) are consistent with a higher apoplastic AsA redox state and can cause significant differences in leaf bronzing. Further analysis of the molecular function of the putative AO gene identified here is thus warranted to clarify mechanisms by which it mediates ozone tolerance.
Conclusions
Testing of three different hypotheses regarding ozone tolerance in contrasting genotypes allowed the identification of possible mechanisms of stress response and stress tolerance. A number of stress-related genes that were upregulated under ozone exposure were more responsive in the ozone-sensitive genotype SL15, suggesting that these were typical stress response genes. This pattern was seen for several genes involved in PCD, and antioxidant enzymes such as catalase or peroxidases. On the other hand, possible tolerance mechanisms of the tolerant genotype SL41 related to AsA metabolism. In particular, the expression pattern of an AO was conspicuous and might be involved in mechanisms that led to genotypic differences in AsA status when plant were exposed to ozone. This provides the basis for further characterization of this possibly important gene and its implication in ozone tolerance.
Supplementary data
Supplementary data are available at JXB online. Table S1 . List of primers used for confirmation of expression data by quantitative PCR.
Supplementary data 1. Master file of microarray gene expression data.
Supplementary data 2. List of genes involved in programmed cell death (PCD).
Supplementary data 3. List of genes involved in antioxidant biosynthesis.
Supplementary data 4. List of genes involved in enzymatic scavenging of radical oxygen species and turnover of antioxidants. Data are from experiment 3, where treatment plants were exposed to 120 nl l À1 ozone from 9:00 h to 16:00 h for 10 consecutive days; n¼4; 'redox state' indicates the percentage of the oxidized form of AsA or glutathione; enzyme activities are based on total extractable protein content. AO, ascorbate oxidase; APX, ascorbate peroxidase; DHAR, dehydroascorbate reductase; GR, glutathione reductase; MDHAR, monodehydroascorate reductase.
a AO activity was measured in apoplast extract.
thank Professor Dr Piepho, University of Hohenheim (Germany) for his help in the statistical analysis of microarray data, and Professor Dr K Kobayashi and Dr I Nouchi from the University of Tokyo (Japan) for sharing experience in extraction of ascorbic acid from the rice apoplast.
